Nanoparticles in solution interact with their surroundings via hydration shells. Although the structure of these shells is used to explain nanoscopic properties, experimental structural insight is still missing. Here we show how to access the hydration shell structures around colloidal nanoparticles in scattering experiments. For this, we synthesize variably functionalized magnetic iron oxide nanoparticle dispersions. Irrespective of the capping agent, we identify three distinct interatomic distances within 2.5 Å from the particle surface which belong to dissociatively and molecularly adsorbed water molecules, based on theoretical predictions. A weaker restructured hydration shell extends up to 15 Å. Our results show that the crystal structure dictates the hydration shell structure. Surprisingly, facets of 7 and 15 nm particles behave like planar surfaces. These findings bridge the large gap between spectroscopic studies on hydrogen bond networks and theoretical advances in solvation science.
S
olvation shells have been shown to play a crucial role in many fields: at nano-bio interfaces 1, 2 , for nanocrystals in molten inorganic salts 3 or in the stabilization of 2D black phosphorous sheets in organic solvents 4 , or silica nanoparticles in ionic liquids 5 . Hydration forces have been accessed by atomic force microscopy (AFM) 6 , and most recently frequency modulation AFM revealed molecular-level interfacial structures on 7 nm Si nanoparticles 7 . Hydration forces around nanoparticles deviate from the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloids, because the particles are comparable in size to the hydration shell and the nanoscopic forces are screened by hydration shells in which water molecules preferentially reorganize 8 . In order to understand the properties and interactions of hydration shells, atomistic insight into their structure is required. Over recent years, theoretical investigations into the importance of hydration shells has evolved considerably; molecular dynamics simulations have shown that at least two hydration layers are required to stabilise the structure of aqueous Cu 7 clusters 9 and that the altered interfacial water structure impacts the adsorption and diffusion behaviour of ions to the surface 10 and slows down water dynamics 11 . Different diffusion components of the hydration layers around SnO 2 and TiO 2 nanoparticles had been extracted from quasi-elastic neutron scattering (QENS) experiments and were correlated to distinct hydration layers observed with molecular dynamics (MD) simulations 12 . The hydration layers at metal oxide surfaces differ, in general, from the bulk water properties and show modified dynamics and structure, typically varying within the individual layers. Spectroscopic techniques have revealed the modified strengths of hydrogen bond networks around nanoparticles via terahertz 13, 14 and X-ray absorption spectroscopies 15 . X-ray reflectivity (XRR) can provide structural details of solvent layers at planar surfaces, but is also limited to the latter 16 . One of the significant remaining challenges is to gain experimental structural insight into the interfacial water structure in bulk solution. Recently, the X-ray pair distribution function (PDF) was used to prove the existence of solvation shells of organic solvent molecules around nanoparticles by observing electronic density oscillations which correlate with molecular reorientations 17 . As the molecular size of the solvent decreases down to that of water molecule, the requirements for the technique approach atomic resolution, which is commonly accepted to be challenging, if not impossible 1, 18 . Several methods, including X-ray photoemission, X-ray photoelectron spectroscopy and low energy electron diffraction can be used to probe the chemical and structural state of the very first adsorbed water layer, but provide no structural information on subsequent hydration shells.
The study of iron oxide nanoparticle (IONP)-water interfaces has a long history of experimental and theoretical investigations, since IONP are most frequently applied in the form of aqueous dispersions and as such are surrounded by bound water molecules. They are an important material in a range of fields spanning medicine as magnetic resonance contrast agents 15, 19, 20 , waste water treatment 21 and catalysis 22 . Studies have shown that different facets induce differently adsorbed water layers around IONPs, i.e. for hematite 23, 24 and magnetite [25] [26] [27] [28] , confirmed by electron density profiles at selected crystallographic surface planes via XRR 29 . Bulk magnetite preferentially grows in (111) orientation 25, 28 , while (110) 27 and (001) planes are also energetically stable and occur 30 . Combined experimental and theoretical studies on water structures around magnetite or maghemite nanoparticles do not exist to our knowledge, and are sparse even for other industrially relevant material classes, such as hematite 23 , TiO 2 31 , or ZnS 32 . The majority of the studies to date concern the adsorption of individual water molecules, dimers or trimers from the gas phase 18, [25] [26] [27] [28] 33 and only few address multiple layers in a condensation regime to mimic bulk water surroundings 23, 31 . Studies based on the adsorption of individual or dimeric water molecules have the drawback of overestimating interatomic distances 28 .
Here, we show that we are able to resolve both the local interatomic distances in the adsorbed layer at the surface and the short-range ordered hydration shell out to 15 Å around IONPs. We can allocate individual interatomic distances within the adsorbed layer to dissociatively and molecularly adsorbed water molecules at IONP facets, in good agreement with theoretical predictions 25, 28 . This study therefore paves the way to greater atomistic structural insight in solvation science.
Results
Synthesis and characterization of IONPs. For this study, magnetic IONPs of 7 and 15 nm in size were synthesised via coprecipitation in basic solution at elevated temperature (for X-ray diffraction patterns, see Supplementary Figure 1 ). The IONPs were functionalized with 13 different small organic capping agents comprising dibutanoic acids, benzoic acids, basic amino acids, small α-hydroxy acids and some other bifunctional molecules (Supplementary Figure 2) . IONP sizes were determined using transmission electron microscopy (TEM) (diameter from projected area, Supplementary Figure 3 Availability of iron oxide surface. Thermogravimetric analysis (TGA) was performed to check for the availability of un-capped iron oxide surface which would be available to interact with water. Average ligand-surface coverages of 1-3.9 nm −2 were determined (only tartaric acid gave a higher coverage of 5.8 nm −2 ) in agreement with literature 34 (Supplementary Figure 6 , Supplementary Figure 7 and Supplementary Table 1.). According to Bixner et al. 34 , magnetite possess 3.5-5.9 nm −2 iron surface sites, thus leaving free iron oxide surface for interaction with water in this study. Moreover, water was shown to coexist with ligands on the particle surface even for fairly densely grafted IONP surfaces 35 .
PDF data evaluation. High-energy X-ray scattering data (65.4 keV) were collected for stable colloidal IONP dispersions in water at ambient conditions and their corresponding backgrounds, from which we derived the PDFs, labelled G(r) (Fig. 1a) . The PDF is a real space representation of all interatomic distances present in the sample. Judicious subtraction of suitable backgrounds allows the distance contributions from individual sample constituents to be calculated. In order to highlight contributions from the hydration shell, all interatomic distances coming from the pure dry powder and the pure bulk water need to be subtracted. The subtraction of the water background from the dispersion (Supplementary Figure 8) and subsequent data correction and Fourier Transformation gives an experimental difference PDF (d-PDF) which contains the contributions of the IONPs and their hydration shell (for details, see 'PDF data acquisition and processing' in Methods). Proper scaling of the experimental PDF of the, respectively, capped IONP powder to the d-PDFs allows its subsequent subtraction (Supplementary Figure 9) . The resulting double-difference PDF (dd-PDF) contains only the signal from the hydration shell around the IONPs (Fig. 1b) . In order to compare the hydration shells for the different capping agents, we additionally scaled the powder PDFs relatively to each other ( 1b clearly features two regimes in the dd-PDF: sharp peaks below 3 Å and a broad oscillation above 3 Å (the small high-frequency ripples on this oscillation appear due to noise). The sharp peaks in the dd-PDF represent well defined interatomic distances, whereas broad oscillations reflect molecular reorientations. Water can adsorb in two possible ways at interfaces; dissociatively or molecularly. Moreover, the interfacial water regime most frequently features a complex structure consisting of a closely adsorbed water layer directly at the nanoparticle surface (sharp peaks in our case) and more loosely bound hydration layers (oscillations). The overall number of reoriented water layers in the hydration shell is thus the adsorbed layer plus the number of hydration layers.
Discussion
Two regimes, adsorption and hydration, are obvious and comparable for all ligands (Fig. 2a) . The adsorption regime consists of three distinct interatomic distances with average values of 1.48, 1.95 and 2.39 Å. The sinusoidal oscillation beyond represents the weaker bound hydration regime, decaying to the average bulk (random liquid) structure for distances>15 Å. The three peak positions were directly read off the dd-PDFs and are listed in Table 1 for one representative of each group of capping agents (the full list is in Supplementary Table 2 ). The hydration layers can be modelled by an exponentially decaying sine wave with a wavelength of about 3 Å. The positions of the maxima of the hydration layers in Table 1 are retrieved from the fitted sine function. To our knowledge, the only MD study on IONP embedded in bulk water is by Spagnoli et al. 24 . Our experiment resulted in hydration layers with larger distances from the surface and a longer wavelength, which can be explained by a different crystal structure (magnetite vs hematite 24 ) and an overestimated water density in ref. 24 . Strikingly, the peak positions in both the adsorbed and hydration layers are almost identical for all capping agents (Table 1) . Only minor differences between the capping agents exist regarding amplitudes of both layers and are hypothesised to occur due to varied IONP concentrations (Supplementary Figure 12) . The ligand groups demonstrate little or no impact on the hydration structure, suggesting that the crystallographic nature of the particles alone determines the hydration shell structure.
Bond length calculations from density functional theory (DFT) calculations of magnetite facets reported interatomic Fe-O distances from dissociative and molecular adsorption which agree astonishingly well with our experimental evidence. For two different terminations of the Fe 3 O 4 (111) facet, Fe-O and O-H distances of 1.47 Å, 1.91 Å and 2.32 Å were predicted 25, 28 .
In both DFT studies, water adsorbs dissociatively on both the Fe oct2 terminated surface with an Fe oct2 -O OH distance of 1.907 Å 25 In literature, no reference values for bond distances to surface hydroxyls were found, yet those bonds could be present on our surface and might contribute to the height of the first adsorption peak. One way to reason the high intensity of this first peak is the overall higher occurrence of hydrogen bonds in the interfacial region, although absolute amplitude of peaks at these small distances shall be treated with care given the minute difference signal from which the dd-PDFs are derived. Recent studies pointed to the fact that cooperative bonding of water clusters with shortened bond distances at interfaces preferentially occurs 36 . Furthermore, the influence and possibility of higher coordination numbers of edges, steps and corners, as well as the general modification of the hydrogen bond network around nanoparticles is not yet understood 11, 15 . Figure 3 schematically depicts the allocation of the individual PDF peaks to distinct interatomic distances in the first adsorption layers around facetted magnetite IONPs. It is perhaps counterintuitive that nanoparticles with diameters of only 7 nm feature a hydration shell signature similar to bulk surfaces 10, 25 . Spagnoli et al. studied the effect of particle size (1.6 and 2.7 nm) and shape (facetted and spherical) via MD for hematite nanoparticles 24 . They suggested that already facetted 2.7 nm IONPs induce a well pronounced hydration structure with well separated interatomic distances within the adsorbed layer. The more disordered water structure at edges and corners does not play a major role any more. The magnetic 7 nm IONPs studied here feature (100), (110) and (111) facets (Supplementary Figure 5) and it is striking to observe how well theoretical Peak positions of the first three sharp peaks due to absorbed water and the first three maxima of the oscillations in the hydration regime for selected samples (one capping agent of each group of Supplementary Figure 2) . The average values, calculated from maxima positions of all 15 investigated samples (see Supplementary Table 2) are included for comparison, as well as the literature values to which we attribute the observed peak and maxima positions. ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09007-1 predictions on the dominance of facets on water restructuring match this experimental work herein. In order to assess whether the water structure observed for 7 nm particles was mainly due to planar facets, larger particles of 15 nm in diameter were synthesised with two different capping agents; citrate and malic acid. The observed hydration shells did not change with IONP size (Fig. 4) . Ongoing studies will focus on the investigation of smaller particles (<7 nm) to investigate the impact of higher concentrations of edges and corners.
In summary, this study provides a method of investigating the interfacial hydration structure around colloidal nanoparticles. Facetted IONPs of 7 and 15 nm in diameter feature planar-like water ordering and the dissociative and molecular water binding states can be clearly distinguished. The effects of edges and corners are expected to be significant only for even smaller particle diameters. The size of the organic capping agents had minimal impact on the hydration shell structure, while the impact of concentration remains to be determined. This X-ray scatteringbased method of elucidating hydration shell structure bridges the structural gap between spectroscopy and theory. The high-energy X-rays used in this study can easily penetrate sample containers and in-operando chambers and its applicability is not limited to accessible absorption edges like several X-ray spectroscopic techniques. This study therefore paves the way forward for atomistic structural studies of solvation science with future applicability ranging from ambient conditions with varying pH in living systems (enzymes, nano drug carriers) to high temperature/ pressure regimes of industrial liquid-phase catalysis, likely providing finally insight into the debated role of solvent molecules in self-assembly processes and during particle formation.
Methods
Chemicals. Chemicals for the nanoparticle synthesis were purchased and used without further purification: ethanol absolut (VWR), diethylene glycol (99%, Alfa Aesar), N-methyl-2,2'-iminodiethanol (Merck), sodium hydroxide pellets (Merck), Hydrochloric acid solution (in water 1 M, Grüssing GmbH), Sodium hydroxide solution (in water 1 M, Grüssing GmbH), acetone (technical grade, Carl Roth GmbH), iron(II) chloride tetrahydrate (Glentham Life Sciences) and iron(III) chloride hexahydrate (puriss. p.a. reag., ≥99%, Sigma-Aldrich). Ligands for the nanoparticle modification were obtained from Sigma-Aldrich L-histidine monohydrochloride monohydrate (≥99%), L-lysine monohydrochloride (BioUltra, ≥99.5% (AT)); 4-mercaptobenzoic acid (99%); 4-aminobenzoic acid (Reagent Plus, ≥ 99%); DL-Lactic Acid (~90%), phosphacholine chloride calcium salt tetrahydrate (Sigma grade); cysteamin (> 98%); L-(+)-tartaric acid (99%), from Alfa Aesar L-Arginine (98%), L-(−)-malic acid (99%), 4-hydroxybenzoic acid (99%), (±) Mandelic Acid (99%) and from Grüssing GmbH trisodium citrate dihydrate.
Nanoparticle synthesis. Water-dispersible IONPs with an approximate size of 7 nm and different ligands were obtained from hydrolysis of iron chelated complexes in diethylene glycol (DEG) according to Caruntu et al. 37, 38 . IONPs with an approximate size of 15 nm were synthesized by performing the hydrolysis in a 70/ 30 mixture of DEG/ N-methyl-2,2'-iminodiethanol (NMDEA). 1 mmol FeCl 2 •4 H 2 O (199 g/mol) and 2 mmol FeCl 3 •6 H 2 O (270 g/mol) were dissolved in 40 g DEG (DEG/NMDEA). A solution of 8 mmol NaOH (40 g/mol) in 20 g DEG (DEG/ NMDEA) was added. The reaction solution was then degassed under argon for about 2 h and subsequently heated to 220°C with a heating rate of 130°C/h. The temperature was kept constant for 2 h and then cooled to about 90°C. At this point the reaction was divided in three parts (equal in volume). To each part a solution of 1 mmol capping agent (0.99-1.13) dissolved in 3 mL DEG/H 2 O was added. After the addition of the capping-agent-solutions the nanoparticle suspensions were stirred for another 10-15 min while cooling to room temperature. The next day the nanoparticle powder was precipitated by addition of acetone and isolated. For purification the powder was washed with absolute ethanol three times. The majority of the NP powder was dried in an oven at 80°C. The rest was redispersed in 1.8 mL water (Milli-Q, or with addition of NaOH/HCl 10 mM).
PDF data acquisition and processing. XRD measurements were carried out at 65.4 keV (0.18957 Å) at Diamond Light Source at beamline I15-1 (XPDF) using a Perkin Elmer detector XRD 4343 CT (432 × 432 mm 2 active area, 150 × 150 μm 2 pixel size). Each data set was collected for a total of 6 min; 12 data collections of 30 s each were performed and then averaged. All samples were measured in 1 mm Kapton® capillaries. NIST silicon standards were used for distance calibration and instrumental resolution determination. Radial integration, masking and normalization of the data were provided by the beamline using automated processing in the DAWN software package 39 . PDF processing was carried out with xPDFsuite 40 and fitting in IgorPro by WaveMetrics. The description of the hydration layers is based on an exponentially decaying sine wave according to Zobel et al. 17 Besides the IONP dispersions, we measured the corresponding dry IONP powder for each ligand. All powders as well as the water data were measured under identical experimental conditions and treated in the same way during data analysis. The powder PDFs were scaled to the experimental d-PDFs with a scale factor y 1 in the distance range>15 Å. The powder PDFs were scaled amongst each other for comparison of the hydration shells around differently functionalized IONPs with a scale factor y 2 (Supplementary Figure 10) . For this we again used the intensity of the IONP PDF peak at 18.07 Å. All samples were scaled to an intensity of 0.5 at this point, since this value was the average value for all samples. The 15 nm particles were compared with the 7 nm particles by calculating PDFs in PDFgui for theoretical 7 and 15 nm magnetite NPs. The intensity ratio of the peak in the modelled PDF at 18.07 Å for the 7 and 15 nm particles gave the factor by which we scaled up the experimental PDFs of 15 nm IONPs and corresponding dd-PDFs. Although the dd-PDFs feature high-frequency noise, e.g. see Fig. 1b , these can clearly be discerned from signal. When changing the Q max used in the data processing, the high-frequency noise shifts in position, whereas the maxima of the three structural peaks <3 Å remain constant in position.
Transmission electron microscopy. TEM images of the nanoparticles for the evaluation of the particle size were acquired with a Zeiss Leo EM922 Omega TEM with an accelerating voltage of 200 kV. For each sample 4 µL of very diluted NP dispersion were drop-casted on a carbon-coated meshed copper grid and dried in air. Aqueous dispersions were transferred to ethanol for faster drying. Particle sizes were obtained by measuring 100 particles from at least three images. TEM images of the lattice planes of the nanoparticles (capped with L-lysine, aminobenzoic acid, tartaric acid and cysteamine) were acquired with a JEOL JEM-2200FS with an accelerating voltage of 200 kV at high magnification. The samples were prepared as for evaluation of particle size. Occurring atomic distances were evaluated by creating diffraction patterns by Fourier Transformation with Image J and comparing those to projections of magnetite in Jmole. For each sample about 20 images were evaluated. The existence of the preferential growing facets of magnetite ((100), (111) and (110)) was confirmed (Extended Data Fig. 4 ).
Dynamic light scattering (DLS) and zeta potential. Evaluation of the hydrodynamic diameters and zeta potentials of the NPs was performed with a Particle Analyzer Litesizer 500 (Anton Paar, Germany) at 25°C in the automatic mode with a wavelength of 660 nm. For each method three measurements were conducted and the average values with the standard deviation were calculated. The concentration of the NPs was adapted, so that the intensity was at least 300 kcounts/s. Calculation of the number-weighted hydrodynamic radii was based on refractive indices and absorption coefficients from 41 . The zeta potential was calculated with the Smolouchowski approximation.
Thermal gravimetric analysis. TGA measurements were done from 30 to 500°C on a STA PT16000 (Linseis, Germany) with a heating ramp of 10 K/min under argon atmosphere to prevent oxidation of IONPs. Ligand coverages were obtained from the mass loss above 160°C, using particle diameters of 7 and 15 nm.
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